Cytolytic peptides are an emerging class of promising cancer therapeutics shown to overcome drug resistance. They eliminate cancer cells via disruption of the phospholipid bilayer of cell membranes, a mechanism that differentiates it from traditional treatments. However, applications of lytic peptides via systematic administration are hampered by nonspecific toxicity. Here, we describe activatable, masked lytic peptides that are conjugated with anionic peptides via a cleavable linker sensitive to matrix metalloproteinases (Ac-w-βA-e 8 -XPLG*LAG-klUklUkklUklUk-NH 2 ; lower case letters in the sequences represent D-amino-acids, U = Aib, α-aminoisobutyric acid, *cleavage site). The peptides were activated upon being introduced into the triple negative breast cancer cell line MDA-MB-231, which overexpresses secreted matrix metalloproteinases, to selectively cleave the peptide linker. Our results indicate that the activatable design could be applied to improve the targeting ability of lytic peptides.
INTRODUCTION
Cytolytic peptides typically have both cationic and amphiphilic properties, resulting in the lysis of cells in a nonspecific manner. In general, these cytolytic peptides induce cell lysis by associating with the plasma membrane via electrostatic interactions. These interactions disrupt the membrane and form pores, leading to rapid necrotic cell death. 1 Conventional cancer chemotherapies develop drug resistance quickly, and novel therapeutics are in urgent need. Various new classes of promising cancer therapeutics have emerged recently, including cytolytic peptides 2 and oncolytic viruses. 3 For example, melittin, a major constituent of bee venom, raised interest as a potential anticancer reagent in recent years. [4] [5] [6] The activity of cytolytic peptides is largely dominated by their biophysical properties, including charges and secondary structures. For example, Wimley et al. [7] [8] [9] [10] reported that tuning the conformation of cytolytic peptides could modulate their activity. We also recently developed an efficient cytolytic peptide derived from BH3-only domains using rational design including sequence alignment, conformation constraint, and charge tuning. 11 The main limitation of cytolytic peptides is their nonspecific cytotoxicity. To address this issue, Kawakami et al. conjugated lytic peptides with targeting sequences that bind specific receptors known to be overexpressed in tumour cells. [12] [13] [14] [15] In addition, different formulations were utilized to test delivery of lytic peptides, such as the use of hybrid peptide-hydrogel complexes as effective delivery formulations. 16 Different nanoparticles were also applied for delivery of melittin, including polyethylene perfluorocarbon, 17 poly(lactic-co-glycolic acid) nanoparticles, 18 glycol-stabilized lipid disks, 19 quantum dots, 20 and core-shell lipid nanoparticles, 21 resulting in a reduction of melittin haemolytic activity and an increase in targeted accumulation in the tumour.
To achieve targeted delivery of cytolytic peptides to tumours, unique properties of the tumour microenvironment must be exploited. In addition to properties such as the excessive leakiness of tumour vasculature, poor lymphatic drainage, hypoxic and acidic conditions, upregulated enzymes in tumour cells were also widely used for targeted delivery. For example, fibroblastactivation protein-α (FAP-α) 22 and urokinase-type plasminogen activator (uPA) 23 have been used to achieve targeted delivery of melittin. Matrix metalloproteinases (MMPs) are another example of a class of secreted enzymes known to be overexpressed in specific cancer cells, including the triple negative breast cancer cell line, MDA-MB-231. 24 Patients with triple negative breast cancer always have a poor prognosis. These enzymes play a vital role in matrix degradation, inflammation, and tumour cell migration. 25 Thus, MMPs are of great interest in terms of tumour-specific drug delivery. 26 One example of this is the development of a melittin/ avidin conjugate 27 and a melittin-MMP-2-LAP 28 recombinant adenovirus to increase MMP-2-specific targeting. Additionally, a MMP-9-activated melittin prodrug was recently tested in combination with perfluorocarbon nanoparticles, 29 which showed a significant enhancement in in vivo efficacy.
Tsien et al. reported the development of an activatable cellpenetrating peptide (ACPP) 30 that consists of a cationic CPP coupled with complimentary anionic peptides via a cleavable linker. This cleavable linker enhances the pharmacokinetic properties of the peptides and avoids nonspecific cytotoxic effects associated with CPPs. 31 The ACCPs developed from this study have been used either independently or complexed with nanoparticles in imaging studies [32] [33] [34] and therapeutic interventions. 35, 36 Here, we report the development of activatable, masked lytic peptides that take advantage of over-expressed MMPs to elicit selective cytotoxicity against the triple negative breast cancer cell line, MDA-MB-231. The derived lytic peptides show limited nonspecific toxicity and improved targeting ability. Our results indicate that this activatable strategy could be applied to achieve systematic administration of lytic peptides.
RESULTS
Design, synthesis, and initial evaluation of lytic peptides To create effective short lytic peptides, we began with the proapoptotic peptide (klaklak) 2 . 37 A D-Trp was attached to each peptide for concentration determination using a β-Ala as the linker. This is a standard cationic, amphiphilic α-helical peptide that functions by disrupting the mitochondrial membrane, resulting in mitochondria-dependent cell-free apoptosis. Conjugation of this peptide with a targeting agent could be used to induce targeted apoptosis in tumour cells. [37] [38] [39] However, ak14 (the number refers to the length of the active sequence) showed only moderate efficiency at targeting MDA-MB-231 cells, as measured in 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assays. Previous reports suggest that the efficiency of lytic peptides is closely tied to their secondary structure. Thus, we proceeded to substitute alanine residues with α-aminoisobutyric acid (Aib, U), an amino acid known to stabilize helical structures. [40] [41] [42] Indeed, the improved peptide, Uk14, showed a higher helical content (20%) and significantly enhanced cytotoxicity toward MDA-MB-231 cells (IC 50 = 4.5 μM) compared to ak14 (helicity = 12%, IC 50 430 μM, Figure 1 , Supplementary Table S1 and Supplementary Figure S1 ), which could be explained by the introduction of α-methyl groups. We also showed that truncations (Uk11) or elimination of secondary structural amphiphilicity (lUk) of Uk14 result in decreased efficiency. ( Supplementary Table S1 and Supplementary Figure S1 ).
We then replaced D-Lys residues in the Uk14 peptide with the membrane-activating amino acid, D-Arg. This resulted in the generation of peptide Ur14. However, no significant improvements were observed with this Ur14 peptide ( Supplementary  Table S1 and Supplementary Figure S1 ). Furthermore, the truncation of peptide Ur14 to generate peptide Ur11 showed no change in activity. A further truncated peptide, Ur10, exhibited greatly diminished activity towards MDB-MA-231 cells ( Supplementary Table S1 and Supplementary Figure S1 ). Both peptides, Uk14 and Ur11, showed helical conformation in water ( Figure 1 ) and displayed broad spectrum growth inhibition towards the breast cancer cell line MCF-7, and the cervical cancer cell line HeLa and SK-OV-3, a human ovary adenocarcinoma cell line. (Table 1 and Supplementary Figure S2 ).
Mechanism of action of lytic peptides
After proving that these peptides were active, we aimed to understand their mechanism of action. Lactate dehydrogenase release assays revealed that treatment of cells with peptides Uk14 and Ur11 led to a loss of membrane integrity (Figure 2a ). Consistent with the high levels of lactate dehydrogenase release observed upon treatment with peptides Uk14 and Ur11, these peptides showed strong haemolytic activity ( Figure 2b ). Thus, the direct applications of these peptides are limited. Furthermore, caspase-3/7 activation, which is an indicator of apoptosis, was not observed in Uk14 or Ur11 peptide-treated MDA-MB-231 cells, in contrast to what was observed with treatment of ABT-737 ( Figure 2c ). The addition of caspase inhibitor, Z-VAD-FMK, did not block the cytotoxic effects of Uk14 or Ur11 in MDA-MB-231 cells but did have an inhibitory effect Activatable modifications of lytic peptides Next, we conjugated a poly-glutamate mask to Uk14 (Ac-w-βA-e 8 -XPLG*LAG-klUklUkklUklUk-NH 2 ) and Ur11 (Ac-w-βA-e 8 -XPLG*LAG-rlUrrlUrlUr-NH 2 ) peptides using the MMP-specific cleavage sequence, XPLG*LAG, (X = 6-aminohexanoyl, *cleavage site) to create peptides e8-Uk14 and e7-Ur11 ( Figure 2 ; n in en represents the number of glutamic acids; (− ) indicates the linker; polyglutamate was linked to the N-terminus of parent lytic peptides via the MMP-specific cleavage sequence). Unlike the unmodified peptides, these modified ones exhibited diminished membrane disruption and haemolysis (Figures 2a and b ) and no obvious cytotoxicity against the non-tumourigenic cell line, HEK293T (Supplementary Figure S3 ). Furthermore, masked peptides were able to be selectively cleaved by MMP-2 ( Figure 3 ) to release the active parts, which were membrane disruptive. While the peptide e8-Uk14 uc CY5 , (uc = uncleavable) whose cleavable linker PLG*LAG was replaced by uncleavable 2X (X = 6-aminohexanoyl, 2X = two continuous X), showed no response to MMP treatment. Collectively, these results indicate that (1) a poly-glutamate mask decreases a peptides' ability to disrupt the cell membrane and reduces its nonspecific toxicity; and (2) MMP can cleave the peptide linker and release the lytic peptides Uk14 and Ur11.
In vivo distribution of activatable lytic peptides To evaluate the in vivo distribution of these peptides, 100 μl (50 μM) of Cy5-labelled peptides Uk14, Ur11, e8-Uk14 and e7-Ur11 were injected via the tail vein of mice bearing an MDA-MB-231 tumour (approximately 50 mm 3 ). 31 Modified peptides e8-Uk14 and e7-Ur11 showed significantly higher accumulation in tumours compared to unmodified peptides (Figures 4a and b) . The moderate accumulation of unmodified lytic peptides in tumours could be explained by the tumour targeting potential of the R/ KXXR/K epitope. 43 According to the time-tumour fluorescence/ chest and abdomen fluorescence ratio curve (Figures 4c and d) , peptides e8-Uk14 and e7-Ur11 showed consistently higher tumour accumulation levels compared to unmodified peptides. This indicates that the activatable modification of peptides could increase their targeting ability. Tumour accumulation of these peptides reaches maximum levels after approximately 2 h and is observed to persist for a minimum of 24 h. This long persistence time could be explained by the proteolytic resistant nature of Uk14 and Ur11. In summary, activatable lytic peptides showed an efficient tumour targeting ability. Additionally, the ability to label these peptides could enable them to act as a tool for tumour imaging.
At 6 h post-peptide injection, we quantified peptide accumulation in different critical organs (tumour, heart, liver, spleen, lung, and kidney; Figure 5 ). Uptake levels of e8-Uk14 and e7-Ur11 in tumours were higher compared to UK14 and Ur11. Notably, peptides were observed to accumulate primarily in the liver, lung Lytic peptide for targeting triple negative breast cancer H Zhao et al and kidney, observations commonly made in peptide therapeutics. 31 This was especially true for Ur11, which accumulated at much higher levels in the kidney compared to Uk14. In addition, compared to Uk14, e8-Uk14 showed higher accumulation in the liver, but lower accumulation in the kidney. This observation could be explained by differences in clearance rates. 31 We conclude that activation design result in increased tumour accumulation compared to unmodified lytic peptides.
In vivo activities of activatable lytic peptides We next tested acute toxicity of the cleavable lytic peptide. Using a dose of 40 mg/kg (200 μl, 4 mg/ml), we observed that e7-Ur11 caused death (one in three survived), while e8-Uk14 showed no acute toxicity ( Supplementary Table S2 ). This could be due to nonspecific proteolysis and subsequent release of the lytic components of e7-Ur11. We note that higher accumulation levels of these peptides in critical organs, such as the kidney, could also cause harmful effects to nude mice. (Supplementary Figure S4) In view of the higher tumour site accumulation and lower acute toxicity of e8-Uk14 than e7-Ur11, we chose e8-Uk14 for further evaluation.
To study the anticancer activity of activatable peptides in vivo, we injected nude mice with human breast cancer cells (MDA-MB-231), followed by administration of the e8-Uk14 peptide or vehicle control. The typical increase in tumour volume and weight after introduction of these cancer cells to mice was slowed following a 14-day treatment with the activatable e8-Uk14 peptide (n = 5) compared with vehicle control treatment (n = 5, 20%, *P o0.05; Figures 6a and b ). Histological staining (haematoxylineosin staining) showed that while cells were densely packed in the tumour tissue of control mice, the cell density was significantly reduced in the tumour tissue of e8-Uk14-treated mice. (Figure 6c ).
DISCUSSION
Lytic peptides have shown a remarkable ability to eliminate cancer cells via a different mechanism than traditional treatments. Conformational tuning has been proven to generate gain of function variations to modulate the activities of lytic peptides. Starting from an amphiphilic, mitochondrial membrane disruptive sequence, efficient lytic peptides were evolved by conformation constraint, mutations, and truncations, which exhibited cytotoxicity against a broad spectrum of cancer cell lines, including the triple negative breast cancer cell line MDA-MB-231, the oestrogen receptor-positive breast cancer cell line MCF-7, and the cervical cancer cell lines HeLa and SK-OV-3, a human ovary adenocarcinoma cell line. Topological amphiphilicity of sufficient length is strictly required for the cellular activities of these lytic peptides. The lytic peptides induce cell death in an apoptosis-independent manner by causing disruption of the cell membrane, and they showed haemolytic activity. In the case of peptide Uk14, conformational constraints lead to mechanistic changes, where an apoptotic sequence turned into necrotic peptides via mere constraining of the conformation. Such mechanistic changes have also been observed in the case of (klaklak) 2 based amphiphiles, 44 which are achieved via lipid conjugation. These results suggest that the action of a peptide is not solely determined by the peptide sequence but is a result of the entirety of its physicochemical properties. 45 These results confirmed that conformational constraint could be applied to optimize the anticancer activity of lytic peptides. Corresponding fluorescence of exposed main organs that were excised at 6 h after administration. Fluorescence in manually set regions of interest was quantified by Living Image. Error bars represent the standard deviation from two independent experiments. (n = 2) *Po 0.05, **P o0.01, ***P o0.001 compared with corresponding unmasked peptides-treated mice.
One of the main limitations of the applications of lytic peptides is their nonspecific cytotoxicity. To provide an avenue to address this issue, a masking sequence was attached to lytic peptides via an MMP responsive sequence based on the design of activatable cell penetrating peptides. According to the in vitro results, the poly-glutamate mask decreases a peptides' ability to disrupt the cell membrane and reduces its nonspecific toxicity. The masked peptides are selectively cleaved by MMP-2 to release the lytic peptides. These results provide a solid basis for further in vivo evaluation of these masked lytic peptides.
MMP is known to be overexpressed in specific cancer cells, including the triple negative breast cancer cell line MDA-MB-231, for which there is currently no targeted therapy. In MDA-MB-231 xenografts, systematically administered, activatable, masked lytic peptides showed increased tumour accumulation compared to unmodified lytic peptides. Tumour accumulation of these lytic peptides was still observed after 48 h, which suggested that these peptides could be used for tumour imaging. In addition, one of the masked lytic peptides showed anti-tumour activities in vivo via systematic administration. Notably, the activatable design could be transferred to other diseases, where a specific enzyme is identified in pathological sites. However, acute toxicity was still observed for the masked lytic peptides, which might be attributable to nonspecific cleavage. Additionally, higher accumulation levels of these peptides in critical organs, such as the liver and kidney, was noted, which could also cause harmful effects to nude mice. Accordingly, further targeted modifications should be conducted to improve in vivo pharmacodynamic properties and anti-tumour efficacies.
Through peptide conformation tuning, mutations, and truncations, we have developed two short lytic peptides that show widespectrum inhibition of cancer cell growth. Modifications to make these peptides activatable reduced their in vitro nonspecific toxicity and increased their specific targeting ability. These activatable lytic peptides showed moderate tumour inhibition activity in vivo upon systematic administration. This activatable peptide strategy is further proven by this study as a potential masking method for other bio-relevant peptides. The peptides developed in this work could be further optimized to enable their use in tumour imaging and therapeutic interventions.
MATERIALS AND METHODS Materials
All solvents and reagents used for solid phase peptide synthesis were purchased from commercial suppliers including GL Biochem (Shanghai, China), Hanhong Chemical (Shanghai, China), Energy Chemical (Shanghai, China), and Tenglong Logistics (Shenzhen, China) were used without further purification unless otherwise stated.
Peptide synthesis
Peptides were synthesized on Rink-amide-MBHA resin using manual Fmoc/ tButyl solid-phase peptide synthesis. Coupling reactions were performed using 2-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate for 3 h with N 2 bubbling. Cy5 labelling was performed 
Enzyme cleavage assay
For activation of MMPs, MMPs were diluted to 40 μg/ml with 1 mM APMA in assay buffer (50 mM Tris, 10 mM CaCl 2 , 150 mM NaCl, 0.05 (w/v) Brij-35, pH 7.5), and incubated at 310 K for 2 h to activate MMP. Enzymes were then incubated at 50 nM with 3 mM peptide for 30 min at 310 K. Cleavage was performed in a 20 mM Tris buffer with 150 mM NaCl and 2 mM CaCl 2 at pH 7.4. Samples were diluted into SDS loading buffer, boiled, and run on 15% tricine buffered polyacrylamide gels. Gels were imaged to detect Cy5labelled peptide.
Lactate dehydrogenase release
Lactate dehydrogenase release was performed by using Cytotoxicity lactate dehydrogenase release assay Kit-WST (DOJINDO, Kumamoto, Japan). Briefly, 100 μl of 4 × 10 4 /ml cell suspension was added to each well of the 96-well culture plate and allowed to grow overnight. The cells were then incubated with 50 μl serial dilution of peptides at 310 K for 4 h. Lysis buffer was added as positive control at 310 K for 30 min. Fifty microliter working solution was then added to each well for 30 min at room temperature followed by adding 25 μl stop solution. The absorbance at 490 nm was measured by a microplate reader (PerkinElmer). *Po0.05, **Po0.01, ***Po0.001 compared with corresponding unmasked peptides-treated cells.
Haemolytic activity
Fresh mouse red blood cells were collected and centrifuged at 800 rpm for 5 min. The erythrocytes were washed and re suspended in 0.9% NaCl to 10 8 /ml. A serial dilution of peptides were added and incubate at 310 K. After 1 h incubation, erythrocytes were centrifuged and the release of hemoglobin was monitored by measuring the absorbance of supernatant at 570 nm by a microplate reader (PerkinElmer). 0.1% Triton X-100 and 0.9% NaCl were employed as positive and negative controls. *Po0.05, **Po0.01, ***Po0.001 compared with corresponding unmasked peptides-treated cells.
Caspase-3/7 activation analysis
Cells (MDA-MB-231) were plated 10 000 per well on 96-well plates in medium containing 10% fetal bovine serum and incubated with serial dilution of peptides and ABT-737 for 4 h. Then caspase-3/7 activation was measured by addition of the caspase-Glo 3/7 chemiluminescence reagent in accordance with the manufacturer's protocol (Promega, Madison, WI, USA). Luminescence was detected by a microplate reader (PerkinElmer). *Po0.05, **Po0.01, ***Po 0.001 compared with ABT-737-treated cells.
Xenograft tumour model
Four-week-old nude mice were purchased from the Vital River (Beijing, China) and allowed to grow for further two weeks. Approximately 1 × 10 6 MDA-MB-231 cells were injected into the mammary fat pads of female mice in a vehicle of 4 mg/ml Matrigel (Becton Dickinson and Co., New York, NY, USA). One week later, mice bearing tumours around 50 mm 3 in volume were randomly divided into groups for subsequent experiments.
For optical imaging, mice were anesthetized with isoflurane. Cy5labelled peptides were injected intravenously at a dose of 100 μl, 50 μM. At each time point, mice were again anesthetized and imaged using IVIS Spectrum Pre-clinical In Vivo Imaging System (640 nm/680 nm). Fluorescence in manually set regions of interest was quantified by Living Image. The contrast ratio was calculated by dividing the tumour fluorescence by the chest and abdomen fluorescence. The values for each animal were averaged. *Po 0.05, **Po0.01, ***Po0.001 compared with corresponding unmasked peptides-treated mice.
In acute toxicity studies, 12 mice were divided into four groups (n = 3 for each group) and administered via intravenous injection with peptide (e8-Uk14, e7-Ur11) at the dose of 20 or 40 mg/kg. In chronic renal toxicity studies, mice were administered via intravenous injection with peptide (e8-Uk14, e7-Ur11) at the dose of 20 mg/kg every other day over a periods of 2 weeks.
In tumour growth inhibition studies, mice (n = 5 for each group) were administered via intravenous injection vehicle control solvent (saline) and peptide at the dose of 20 mg/kg every other day. Tumour size was monitored and measured by caliper measurements over a period of 2 weeks. The volume was calculated using the formula: V = 1/2 (length) * (width) 2 . Tumour xenografts were excised, routine fixed, paraffinembedded and sliced for hematoxylin-eosin staining. *Po0.05, **Po0.01, ***Po0.001 compared with vehicle peptides-treated mice.
The animal experiments complied to the Regulations of Guangdong Province on the Administration of Laboratory Animals.
Statistical analysis
Statistical comparisons were performed between the control and treatment groups using t-test using GraphPad Prism 6.0. P o0.05 was considered statistically significant.
